a r t I C l e S Basement membrane molecules such as laminin are important structural components of the skin 1-4 but also serve as substrates for sensory neurons of the dorsal root ganglia (DRG) to grow in culture 5 . The main function of sensory neurons innervating the skin is to detect and relay relevant sensory stimuli, particularly mechanical stimuli 6 . It has long been known that sensory neurons with a nociceptive function (detecting potentially harmful stimuli) can have their endings in the epidermis 7-9 , whereas mechanoreceptor endings (touch receptors) reside exclusively in the dermal layer 9,10 . The matrix environments of the epidermis and the dermis are distinctive 11 . We previously found that mechanosensitive currents required for touch receptor function depend on the presence of a protein tether that may function to couple mechanosensitive channels to a laminin-containing matrix 12 . The tether protein is not required for the mechanosensitivity of most nociceptive sensory neurons.
a r t I C l e S
Basement membrane molecules such as laminin are important structural components of the skin [1] [2] [3] [4] but also serve as substrates for sensory neurons of the dorsal root ganglia (DRG) to grow in culture 5 . The main function of sensory neurons innervating the skin is to detect and relay relevant sensory stimuli, particularly mechanical stimuli 6 . It has long been known that sensory neurons with a nociceptive function (detecting potentially harmful stimuli) can have their endings in the epidermis [7] [8] [9] , whereas mechanoreceptor endings (touch receptors) reside exclusively in the dermal layer 9, 10 . The matrix environments of the epidermis and the dermis are distinctive 11 . We previously found that mechanosensitive currents required for touch receptor function depend on the presence of a protein tether that may function to couple mechanosensitive channels to a laminin-containing matrix 12 . The tether protein is not required for the mechanosensitivity of most nociceptive sensory neurons.
We set out to address the idea that sensory mechanotransduction might be modulated by distinct matrix components made by different types of skin cells in different skin layers. We found that epidermal keratinocytes produce a matrix that is nonpermissive for mechanotransduction and identified the factor responsible as laminin-332 (formerly known as laminin-5). Laminin matrices doped with small amounts of laminin-332 had a markedly altered network structure that was nonpermissive for tether attachment. We found a spatially restricted loss of mechanotransduction in neurite segments connected to laminin-332-containing matrices. Mutations in all three of the genes encoding the trimeric laminin-332 protein complex can cause epidermolysis bullosa, a severe, inherited skin-blistering disease 1, 3 . Human keratinocytes that produce a laminin-332-free matrix had no inhibitory activity on mechanotransduction. We also discovered that laminin-332 matrix inhibited sensory axon bifurcation. Our results reveal a mechanism by which permissive and nonpermissive substrates can spatially coordinate mechanotransduction in distinct domains in a single neuron.
RESULTS

Keratinocyte matrix suppresses mechanotransduction
Using whole-cell, patch-clamp techniques, we directly recorded mechanosensitive currents in cultured sensory neurons [12] [13] [14] [15] [16] [17] [18] [19] [20] . We first asked whether co-culture of sensory neurons with different cellular components of the skin can modulate the activity of mechanosensitive currents. When sensory neurons are cultured on a laminin substrate, derived from Engelbreth-Holm-Swarm cells (EHS matrix, henceforth referred to as laminin), more than 90% of the cells exhibit a mechanosensitive current that can be evoked by a small (~740-nm displacement) stimulus to the neurite 12, 14, 15 . At least three types of mechanosensitive current can be measured in sensory neurons, classified according to their inactivation time constant τ 1 , rapidly adapting (τ 1 < 5 ms), intermediately adapting (τ 1 < 50 ms) and slowly adapting (no adaptation during a 230-ms stimulus) (Fig. 1a) 20 . Practically all mechanoreceptors, classified by their very narrow action potential 13, 15 , possess a rapidly adapting mechanosensitive current, as do many nociceptive neurons classified by their broad humped action potentials 13 . The proportion of sensory neurons with a rapidly adapting mechanosensitive current was ~44% of the recorded population (32 of 72 recorded cells on a laminin substrate; Fig. 1a) . The next most common current type was the slowly Laminin-332 is a major component of the dermo-epidermal skin basement membrane and maintains skin integrity. The transduction of mechanical force into electrical signals by sensory endings in the skin requires mechanosensitive channels. We found that mouse epidermal keratinocytes produce a matrix that is inhibitory for sensory mechanotransduction and that the active molecular component is laminin-332. Substrate-bound laminin-332 specifically suppressed one type of mechanosensitive current (rapidly adapting) independently of integrin-receptor activation. This mechanotransduction suppression could be exerted locally and was mediated by preventing the formation of protein tethers necessary for current activation. We also found that laminin-332 could locally control sensory axon branching behavior. Loss of laminin-332 in humans led to increased sensory terminal branching and may lead to a de-repression of mechanosensitive currents. These previously unknown functions for this matrix molecule may explain some of the extreme pain experienced by individuals with epidermolysis bullosa who are deficient in laminin-332.
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VOLUME 14 | NUMBER 8 | AUGUST 2011 nature neurOSCIenCe a r t I C l e S adapting mechanosensitive current (~34%), which is biophysically and pharmacologically distinct from the rapidly adapting mechanosensitive current and is only found in nociceptors 15 (Fig. 1a) . A minority of nociceptors (~12%) possessed an intermediately adapting current. When we cultured sensory neurons on a monolayer of primary mouse keratinocytes, we noted normal neurite growth, and recordings indicated that both nociceptors and mechanoreceptors were present (Fig. 1b and Supplementary Table 1) . However, there was a marked loss of rapidly adapting mechanosensitive currents so that more than 43% of the recorded cells had no measurable mechanosensitive current and the proportion of neurons with rapidly adapting current was reduced to just 7% of the total (4 of 43 cells; Fig. 1a ). This effect was observed in putative mechanoreceptors as well as nociceptors, as defined by action potential configuration 13 (four of five mechanoreceptors had no mechanosensitive current in keratinocyte co-cultures; the remaining mechano-insensitive neurons were nociceptors). The proportion of neurons with a slowly adapting or an intermediately adapting current was unchanged compared to the laminin control.
We next cultured sensory neurons on mouse keratinocytederived matrix and observed a notable loss of the rapidly adapting mechanosensitive current, indicating that the inhibition derived from the keratinocyte matrix (Fig. 1a) . Although the slowly adapting mechanosensitive current was observed in neurons on keratinocytes and keratinocyte-derived matrix, the kinetics of this current was markedly slowed compared with controls. Normally, mechanosensitive currents have very short latencies for activation 15 . However, the latency was notably increased from ~600 µs to between 3 and 7 ms for slowly adapting and intermediately adapting mechanosensitive currents on keratinocytes and on keratinocyte matrix (Fig. 1c,d and Supplementary Table 1 ). In addition, the activation time constant for the slowly adapting current slowed markedly and significantly (P < 0.01, Mann Whitney U test; Fig. 1d and Supplementary Table 1) . Despite the loss of rapidly adapting mechanosensitive current in almost half of the cells cultured on keratinocytes or keratinocyte matrix, the remaining cells displayed mechanically gated currents with peak amplitudes that were statistically indistinguishable from those found in control cultures (P > 0.20, Student's t test; Supplementary Table 1) .
Laminin-332 suppresses mechanosensitive currents
We screened for molecules present in keratinocyte-derived matrix that might inhibit mechanosensitive currents. We extracted proteins from tissue culture dishes coated with commercially available laminin (EHS derived) matrix deposited by a monolayer of 3T3 cells and primary mouse keratinocytes. The proteins were run on SDS gels and western blotting was carried out with antibodies to known matrix components to identify molecules exclusively present in keratinocyte-derived matrix. We, as have others, identified laminin-332 as one molecule specific to keratinocyte-derived matrix 2, 21, 22 (Fig. 2a and Supplementary  Fig. 1 ). Laminin-332 is capable of supporting the growth of chick sensory neurons 23 and so we cultivated sensory neurons on purified human laminin-332 or on matrix made by rat squamous carcinoma cells (SCC25 cells), a rich source of laminin-332 (ref. 24) . There was no sign that neurochemically distinct sensory neurons preferentially grew on laminin-332-containing substrates (Supplementary Fig. 2) . Nevertheless, we found that, as on the keratinocyte-derived matrix, rapidly adapting mechanosensitive currents were lacking in sensory neurons cultured on laminin-332, and this effect was observed in mechanoreceptors (narrow action potentials) and nociceptors (humped action potentials) (Fig. 2b) . Thus, a laminin-332-containing substrate recapitulated the effect of keratinocyte-derived matrix in suppressing the rapidly adapting mechanosensitive current. However, the laminin-332 substrate did not reproduce the kinetic modulation and slowed activation of slowly adapting and intermediately adapting mechanosensitive currents that we had observed on a keratinocytederived matrix ( Fig. 2c and Supplementary Table 2) .
These effects might be the results of a lack of laminin-111 or other laminin isoforms in purified laminin-332 extracts. We therefore mixed laminin-332 with laminin in different molar ratios. We evaluated the suppressive effect of laminin-332 on rapidly adapting mechanosensitive currents by determining the number of cells lacking this current on laminin-332/laminin mixtures. Laminin-332, diluted to 1/30 th The latency of slowly adapting mechanosensitive current in keratinocytes co-culture was significantly longer than on laminin. The time constant for slowly adapting mechanosensitive current activation (τ 1 ) on a keratinocyte monolayer was also significantly longer than on the laminin substrate (*P < 0.05, **P < 0.01, Mann Whitney U test). Error bars represent ±s.e.m. a r t I C l e S of the concentration of laminin, was still nearly as potent as purified laminin-332 at suppressing rapidly adapting mechanosensitive currents (Fig. 2d) . Thus, laminin-332 may actively suppress the rapidly adapting mechanosensitive current. The suppressive effect required properly folded protein, as prior denaturation of laminin-332 rendered it ineffective in this assay (Fig. 2d) . We also found that the effect of laminin-332 required contact of the neuron with surface-bound protein, as pre-treatment of neurons with soluble laminin-332 had no inhibitory effect on the mechanosensitive current ( Supplementary  Fig. 3a ). There was also no effect of keratinocyte-conditioned medium on mechanosensitivity in sensory neurons (Supplementary Table 1) . Mechanosensitive currents were routinely measured while superfusing the cell with 1 µM tetrodotoxin, which may not completely block all voltage-gated sodium channels. We added the membrane impermeable local anesthetic QX-314 to the pipette, which blocks all voltagegated sodium channels, but the mechanosensitive currents remained indistinguishable from those found in control experiments, as was the suppression of the rapidly adapting mechanosensitive current by a 1:15 laminin-332/laminin mixture ( Supplementary Fig. 4 ).
Mechanotransduction tether not supported by laminin-332
Only substrate-bound laminin-332 had an effect on mechanosensitive currents. We previously found that a 100-nm protein tether linking sensory membranes with a laminin or laminin-111 substrate is necessary for rapidly adapting mechanosensitive currents 12 . This led us to hypothesize that the suppression of rapidly adapting mechanosensitive currents on laminin-332-containing matrix may be a result of a lack of tether binding to this substrate. We tested this directly by visualizing the tether protein using transmission electron microscopy (TEM). We cultured sensory neurons on control laminin, purified laminin-111, purified laminin-332 and a laminin-332 mixture of 30:1, and used TEM to determine whether protein tethers were present or not. We found that protein tethers with dimensions >75 nm were essentially absent on laminin-332-containing substrates, as compared with neurons on laminin or laminin-111 ( Fig. 3a and Supplementary Table 3) . We conclude that a laminin-332-containing substrate does not support the attachment of protein tethers necessary for rapidly adapting mechanosensitive currents.
Laminin-332 activates integrin signaling primarily via activation of α 3 β 1 and α 6 β 4 receptors [25] [26] [27] [28] , and we therefore asked whether the inhibitory effects of laminin-332 require integrin receptors. We used a monoclonal antibody CM6 that blocks the G domain of laminin-332 (ref. 29) and completely prevents the attachment and growth of sensory neurons on a purified laminin-332 substrate (Fig. 3b) . Nevertheless, antibody treatment of neurons plated on a laminin/laminin-332 mixture (15:1 molar ratio) did not block attachment or growth ( Fig. 3b and Supplementary Fig. 4 ) presumably because other integrin receptors are engaged by laminin. Nevertheless, under these conditions, we found the same suppression of the rapidly adapting mechanosensitive current with the CM6 antibody as in controls (Fig. 3c) . The lack of effect of the CM6 antibody was not a result of failure of the antibody to recognize the laminin-332 epitope in laminin/laminin-332 mixes ( Supplementary Fig. 5 ).
Laminin-332 acts locally, not globally
To further examine the mechanism of action of laminin-332, we applied the technique of micro-contact printing of substrate proteins 30, 31 . We generated cross-hatched grid patterns with laminin stripes in one direction crossed with stripes of either laminin alone or laminin mixed with laminin-332 at 90° to the laminin stripe (laminin-332 henceforth always refers to a mix of laminin (20 µg ml −1 ) and laminin-332 (1.33 µg ml −1 ); molar ratio of 15:1; Fig. 4) . Notably, sensory neurons plated on such grids produced neurites that followed the laminin tracks, producing a quadratic meshwork of neurites ( Fig. 4a-c) . We filled individual neurons with the fluorescent dye Lucifer yellow via the patch pipette to confirm this growth pattern (Fig. 4b) . When we examined neurons plated on protein stripes with laminin in both directions, a mechanosensitive current could be evoked from neurites of the same cell regardless of stripe orientation (Fig. 4e) . In contrast, when neurons were cultured on stripes of laminin-32 In mechanoreceptors (neurons with narrow, non-humped spikes), the rapidly adapting mechanosensitive current was significantly suppressed by a laminin-332 substrate compared with the laminin control (left, P < 0.01, Fisher's exact test). In the nociceptor group (neurons with wide, humped action potential spikes), the rapidly adapting mechanosensitive current was also significantly suppressed by a laminin-332 substrate (right, P < 0.01, Fisher's exact test). (c) Sample slowly adapting mechanosensitive current trace on a laminin-332 substrate (top). Latency and activation time constant for slowly adapting mechanosensitive current are shown for neurons on a laminin-332-or SCC25-derived matrix. (d) Stacked histograms reveal a marked inhibition of rapidly adapting mechanosensitive currents when different dilutions of purified laminin-332 (L-332) were mixed with a constant concentration of laminin. Prior denaturation (boiling) of laminin-332 rendered it ineffective in suppressing rapidly adapting mechanosensitive current expression (the number on top of each histogram denotes the number of recorded neurons; *P < 0.05, **P < 0.01, χ 2 test). Error bars represent ±s.e.m. Table 2 ). This experiment illustrates the exquisite specificity of laminin-332 as the chances of evoking an slowly adapting mechanosensitive current on the laminin versus the laminin-332 stripe were equal (Fig. 4e,f) . The width of neurites on the laminin-332 stripe was thinner than on laminin stripes (see below). However, mechanosensitive currents were no harder to evoke from thinner neurites growing on laminin than from larger ones (Supplementary Fig. 6 ). Proteins were printed in quadrants of 25 × 25 µm; thus, the inhibitory actions of laminin-332 were restricted to neuritic segments less than 25 µm. A length of 25 µm is very small compared with the size of single afferent receptive fields in the skin, which can cover an area of several square millimeters 2, 32 . The highly local nature of the rapidly adapting current suppression suggests that laminin-332 may block binding of the tether to laminin or promote instability of the tether protein.
Laminin-332 is proteolytically processed, leaving the β3 chain intact, but the N-terminal region of the α3 chain is completely processed and the γ2 chain is partially processed (close to the coiled-coil region) 33 . To test whether the suppressive activity of the trimeric laminin-332 molecule might reside in one of these N-terminal fragments, we generated human, recombinant, soluble N-terminal β3 and γ2 chain proteins (without the coiled-coil region). The recombinant proteins were mixed with laminin and used again to generate one stripe of the cross-hatched pattern. However, we found no evidence that either the N-terminal regions of the β3 or γ2 proteins could reproduce the effect of laminin-332 on the rapidly adapting mechanosensitive current (Supplementary Fig. 3a,b) . The suppressive activity thus probably resides in the coiled-coil region of laminin-332 or in the G1-G3 domain of the laminin α3 chain.
Laminin-332 suppresses sensory axon bifurcation
We noted a further biological effect of laminin-332 after observing neurite growth on the laminin/laminin-332 cross-hatched patterns. Neurites clearly grew preferentially on the stripes that did not contain laminin-332, and the total neuritic tree was always highly asymmetrical ( Fig. 5a-d) .
To describe the symmetry of growth, we calculated the ratio of neuritic length on one direction versus that at 90°. This ratio was close to 1 (0.96 ± 0.05) for the control situation (laminin/laminin stripes) but was highly asymmetrical in the case of the laminin/laminin-332 condition 
Laminin (EHS laminin) Figure 3 Laminin-332-containing matrix does not support tether formation and exerts its effect independent of integrin receptors. (a) Left, example TEM micrographs from cultured sensory neurons plated on one of four types of matrix: laminin (top), laminin-111 (second row), laminin-332 (third row) and laminin:laminin-332 mixture (bottom). We observed long tether proteins (black arrows) at the interface between sensory neuron membranes in cultures plated on laminin and laminin-111, but these were rare in neurons plated on laminin-332. Left panels show tight attachments found in all conditions. Right, quantification of the electron-dense attachments from neurons cultured on laminin and on laminin-332. The length of each measured attachment is plotted a random location in the vertical dimension space to illustrate the range of attachment lengths observed. Each dot represents the measured length of each linking object. Long, tether-like proteins greater than 75 nm on laminin-332 are largely missing. Scale bar, 100 nm. a r t I C l e S (0.20 ± 0.04, laminin-332 stripe as numerator) and was statistically significant (P < 0.01, t test; Fig. 5d) . Notably, this asymmetric growth was not blocked by the CM6 antibody, which blocks laminin-332/integrin receptor interactions (Supplementary Fig. 3 ). We also found no evidence that either the N-terminal region of the β3 or γ2 chains of laminin-332 could produce asymmetric growth ( Supplementary  Fig. 2a,b) . Neurons cultivated on stripes of laminin-332 in both directions showed no evidence of asymmetric growth (ratio of 0.92 ± 0.14; Fig. 5d ). This result suggests that only growth cones confronted with a junction between laminin and laminin/laminin-332 behave in a differential manner. We used time-lapse video microscopy and found that, in control cultures, the growing neurite almost always bifurcated or trifurcated at the junction between laminin stripes (Fig. 5e,f and Supplementary Video 1). This behavior was completely different on laminin/laminin-332 patterns, as here growth cones confronted with a laminin-332-containing stripe almost never bifurcated or trifurcated at the junction (Fig. 5e,f and Supplementary Video 2) . Instead, The neurites present on the laminin-332-containing stripes were thinner than those on the laminin stripes (Fig. 5g) . However, this effect could be assigned to the 'collateral' identity of the branch on laminin-332, as neurites were not thinner than on the control laminin when confronted with a laminin-332-containing matrix in both directions (Fig. 5g) . There was a small, but significant, tendency for the velocity of neurite growth to be slower on laminin-332-containing stripes than on laminin-containing stripes (P < 0.05, Student's t test; Supplementary Fig. 7 ). It appears that laminin-332 can function as a potent brake on growth cone branching (bifurcation or trifurcation), a hitherto unknown function for this laminin isoform.
Laminin-332 structure may control its biological activity
The minimal molar ratios of laminin to laminin-332 that produced a significant suppression of the rapidly adapting mechanosensitive currents were 30:1 and 15:1 (Fig. 2d) . We therefore used intermittentcontact mode atomic force microscopy (AFM) to image the topography of the laminin-332-containing matrix surface and compared this with Neurites were binned depending on matrix composition and for cells grown on laminin/laminin matrices, on the nature of the preceding branching event (that is, bifurcation versus collateralization). The collaterals formed on laminin were not significantly smaller than bi/trifurcation branches on the laminin/laminin pattern but the collateral branch on the laminin-332 stripe was significantly thinner (right). *P < 0.05, Student's t test. However, neurites that formed on laminin-332/laminin-332 control matrices were the same width as those on laminin/laminin substrates. Error bars represent ±s.e.m; the number above each histogram denotes the number of measured neurites. sometime after the main neurite passes the junction, a collateral branch was formed onto the laminin-332 containing stripe; such events were rare in control experiments (Fig. 5f ).
a r t I C l e S laminin (Fig. 6) . Samples for AFM imaging were prepared by printing stripes of laminin onto glass coverslips. The control substrate, EHSderived laminin, formed a matrix on the surface punctuated by circular areas with either very thin or no matrix coverage. The percentage coverage was around 79% of the printed surface and the average height of the laminin ~6 nm for control laminin (Fig. 6e) . The AFM images of laminin-332-containing matrix revealed a marked change in the structure of the surface-deposited laminin. First, the laminin-332-containing matrix covered a much smaller surface area (between 20 and 50%), as it was punctuated by many more frequent circular gaps than control laminin. Notably, the decreased surface coverage effect was quantitatively much larger in the matrix containing a 15:1 than in the matrix containing a 30:1 laminin/laminin-332 molar ratio (Fig. 6d) . Finally, the surface structure of matrix containing laminin-332 was much rougher and more irregular than that of the control substrate. This extra roughness was reflected quantitatively in a significantly higher mean height of the matrix in laminin-332-containing substrates (P < 0.05, Student's t test), an effect that was larger with a higher molar ratio of laminin-332 (Fig. 6e) . In summary, these results indicate that the addition of even small amounts of laminin-332 to laminin leads to a profound reorganization of the matrix structure presented to the sensory neuron. Furthermore, the degree of reorganization of the surface structure closely follows the biological effects of the laminin-332 substrate in suppressing functional rapidly adapting mechanosensitive currents.
Human laminin-332 deficiency and mechanotransduction Herlitz-type junctional epidermolysis bullosa (JEB) is a severe blistering skin disease predominantly caused by mutations in any one of the three genes encoding the subunits of laminin-332 ( refs. 1,3) . Purified human laminin-111 is supportive for mechanotransduction 12 and also for the tether protein necessary for the rapidly adapting mechanosensitive current (Fig. 3) , and so we asked if matrix made by human keratinocytes can suppress rapidly adapting mechanosensitive currents. Mouse sensory neurons cultivated on human keratinocyte-derived matrix exhibited fewer rapidly adapting mechanosensitive currents than on laminin and this was statistically significant (χ 2 test, P < 0.05; Fig. 7a,b) . Both the latency and speed of activation of slowly adapting mechanosensitive currents recorded from neurons on humanderived keratinocyte matrix were markedly slower than those of slowly adapting mechanosensitive currents recorded on a laminin-111 substrate (Fig. 7c,d) .
We next tested the idea that laminin-332 is the only factor in keratinocyte matrix that is sufficient to suppress the rapidly adapting mechanosensitive current. We obtained and cultured keratinocytes from an individual who had suffered from Herlitz-type JEB (see Online Methods and Supplementary Fig. 7) . We cultured mouse sensory neurons on the JEB-derived matrix and made recordings from these neurons to examine the prevalence of the rapidly adapting mechanosensitive current. There was no significant suppression of the rapidly adapting mechanosensitive current on JEB-derived matrix (P > 0.20, χ 2 test; Fig. 7b) , which confirmed that laminin-332 is necessary and sufficient for the suppressive effect of keratinocyte matrix on mechanotransduction. Normal human and mouse keratinocyte-derived matrix not only suppressed the rapidly adapting mechanosensitive current but also led to a substantial increase in the latency and a slowing of activation kinetics of the slowly adapting mechanosensitive current in neurons on this matrix (Figs. 1 and 7) . Neurons cultured on JEBderived matrix still exhibited slowly adapting mechanosensitive currents with delayed activation and slowed activation time constants, similar to controls.
Laminin-332 deficiency and altered skin innervation Our in vitro data suggest that the presence of laminin-332 may suppress axonal branching behavior. We used the PGP9.5 antibody to label sensory fibers in fixed skin biopsies from four individuals with JEB with the same diagnosis and constellation of mutations (see Online Methods) and three disease-free controls. In normal skin, thin PGP9.5-positive fibers crossed a band of laminin-332 matrix between dermis and epidermis and these fibers were usually unbranched ( Fig. 8 and Supplementary Fig. 8 ) 34 . The epidermis of individuals with JEB was not hyper-innervated, as the mean density of fibers measured in controls and JEB samples crossing into the dermo-epidermal boundary was not significantly different (control, 130.3 ± 10.6 neurites per mm 2 , n = 152; JEB, 143.2 ± 19.2 neurites per mm 2 , n = 45; P > 0.20, Student's t test). Normally, very few fibers have branches and the mean branch number in controls is therefore much less than 1.0, as most fibers do not branch in the plane of section (branch number = 0). In contrast, many more fibers in the JEB skin samples showed one or even two branches close to the dermo-epidermal border, and branching frequency was on average doubled in the epidermis (control, 0.27 ± 0.1 branch points per neurite, n = 152; JEB skin, 0.54 ± 0.02 branch points per neurite, n = 59; P < 0.001, Student's t test; Fig. 8) . We also noted an a r t I C l e S increase in the incidence of fibers running along the dermo-epidermal border in JEB skin (control, 7.5 ± 3%, n = 32; JEB skin, 33.0 ± 13%, n = 46; P < 0.001, Student's t test), such 'interface' fibers were observed in blistered and in non-blistering regions (Fig. 8) .
It is possible that a matrix lacking laminin-332 has a marked effect on neurite branching per se. We tested this idea by culturing mouse sensory neurons on a human JEB keratinocyte-derived matrix and compared their branching behavior to that of neurons grown on a healthy human keratinocyte-derived matrix. Sensory neurons attached and produced profuse neurite trees on both matrices, but there was no significant difference in the branching index between these two conditions (P > 0.20, Student's t test; Supplementary Fig. 9 ). We also measured the branching and neurite thickness of mouse sensory neurons plated on purified laminin-332 as well as defined mixtures of laminin/laminin-332 (molar ratios: 15:1 and 30:1, respectively). We found that it was only the purified laminin-332 that had any significant effect on neurite outgrowth and neurons grew normally on laminin/laminin-332 mixtures (P < 0.05, two-way ANOVA; Supplementary Fig. 10) . Thus, the previously reported effects of laminin-332 on neurite outgrowth 23 may be a result of a lack of other laminin isoforms in the substrate and not to an inhibitory effect of laminin-332 per se.
DISCUSSION
We discovered unexpected and previously unknown functions for the heterotrimeric matrix protein laminin-332 in coordinating mechanotransduction and branching of sensory endings in the skin. We found that even very small amounts of laminin-332 could potently suppress the rapidly adapting mechanosensitive current in primary sensory neurons. The presence of laminin-332 in the matrix has been shown to change the physical structure of the matrix, leading to the disappearance of a tether protein necessary for the rapidly adapting mechanosensitive current 12 . This mechanism enables a highly local, rather than global, modulation of sensory mechanotransduction. Thus, specific expression of laminin-332 at the dermo-epidermal junction zone enables a precise control of mechanosensitivity of the sensory endings that enter the epidermal layer to contact keratinocytes. We suggest that the local suppression of axonal branching and mechanotransduction at the dermo-epidermal junction functions in vivo to prevent hypersensitivity of sensory axons entering the epidermis. Consistent with this hypothesis, it is known that individuals suffering from the blistering disease resulting from the loss of laminin-332 also suffer severe pain 35, 36 . We suggest that the origin of some of this pain may lie in increased branching of epidermal fibers combined with a de-repression of mechanosensitivity.
Our finding of rapidly adapting current suppression by laminin-332 is the first example of an inhibitory effect of any laminin on membrane currents. Laminin-332 has an extremely important role in maintaining the structural integrity of the skin as evidenced by the fact that mutations in all three subunits of laminin-332 cause JEB, a severe, often lethal, inherited skin blistering disease 1, 3 . Little is known about the effects of laminin isoforms on neuronal function, but β2-containing isoforms such as laminin-421 (previously laminin-9) participate in the organization of neuromuscular junction via β2-mediated interactions with the calcium channel Ca V 2.2 (ref. 37) , and the same interaction has been proposed to be a stop signal for sensory axon growth in the skin 38 . The mechanism of laminin-332-mediated suppression of mechanotransduction appears to be unique. We found that a lamininbinding tether protein, identified with TEM, was not present on membranes adjacent to a laminin-332-containing matrix (Fig. 3a) . This tether protein appears to be essential for the rapidly adapting mechanosensitive current, as its ablation with proteases renders underlying channels completely insensitive to mechanical stimuli 12 . We propose that laminin-332 alters the three-dimensional structure of the matrix (Fig. 6) , masking the tether binding site. This mechanism explains why the powerful suppression of the rapidly adapting mechanosensitive current is localized and independent of integrin receptor activation (Figs. 3 and 5) . Our results provide independent support for the idea that the tether is a necessary prerequisite for the rapidly adapting mechanosensitive current. The virtual absence of the tether protein in the plasma membrane adjacent to a laminin-332-containing matrix adds another biochemical feature to this as yet unidentified protein.
We found two distinct effects of keratinocyte-derived matrix on mechanosensitive currents: rapidly adapting mechanosensitive current suppression and a marked slowing of the slowly adapting mechanosensitive current (Fig. 1) . The slowly adapting mechanosensitive current is developmentally, biophysically and pharmacologically distinct from the rapidly adapting mechanosensitive current 12, 13, 15, 17, 18, 39 , and the activation of the slowly adapting mechanosensitive current seems to be independent of any protease-sensitive links between sensory neurons and the substrate 12 . We did, however, observe a modulation of the slowly adapting mechanosensitive current following protease treatment that markedly and transiently slowed the latency for current activation 12 , an effect resembling that produced by keratinocyte-derived matrix. However, the slowing of the slowly adapting mechanosensitive current on keratinocyte-derived matrix is independent of laminin-332 (Figs. 2 and 7) . It is thus possible that specific molecular interactions between unknown factors in the keratinocyte matrix and the sensory neuron can modulate the speed of slowly adapting mechanosensitive current activation.
We developed a micro-contact printing strategy 30 for studying the local effects of the laminin-332-containing matrix. We found that rapidly adapting mechanosensitive currents in the same cell are suppressed in neurites on a laminin-332 stripe but not on the control laminin stripe. However, there was highly asymmetric branching on laminin/laminin-332 grids, and this asymmetry arose as a result of a radically altered growth cone behavior at the junction between laminin-and laminin-332-containing stripes. Notably, the molecular structure of laminin-332-containing matrix was highly distinctive from laminin (Fig. 6) , which suggests that growth cones detect this difference and change their branching behavior accordingly. The molecular mechanism used to control this decision is not known but might conceivably be based on detection of different forces generated Figure 8 Altered sensory afferent branching in the skin of laminin-332-deficient individuals. Tissue sections of biopsies from normal skin (control) and JEB skin were labeled using antibody to PGP9.5 and imaged with epifluorescence. The number of nerves crossing the dermo-epidermal boundary (marked with yellow, dotted line in all three images), branch points per nerve in the epidermis and the percent of the dermo-epidermal interface innervated were quantified from the images (see text). A typical image from control skin with a white arrow indicating a nonbranched fiber is shown on the left. Also shown are images from JEB skin (middle, nonblistered region; right, blistered region) with a yellow arrow indicating branched fiber. Many fibers course along the dermo-epidermal boundary in JEB skin, and these were termed interface fibers; one example is marked with a red arrow. e, lighter colored epidermal layer. as the growth cone encounters the different surface structures of the two matrices. Consistent with our in vitro data, we found that sensory fibers at the dermo-epidermal interface, which are most likely nociceptive endings [7] [8] [9] , branched more often in the skin of individuals lacking laminin-332. In addition, we observed many more fibers coursing along the interface on either side of the dermo-epidermal border. Both phenomena are consistent with the idea that the presence of laminin-332 at the dermo-epidermal border is required for coordinating axonal branching and growth. However, at least some of the branching defects in JEB skin samples could be a consequence of reactive regeneration of fibers in the skin following skin blistering. In summary, we discovered two important functions for laminin-332 that most likely occur at the dermo-epidermal junction: suppression of mechanosensitivity and of axonal branching. Our data suggest that the absence of laminin-332 in individuals with JEB will lead to mechanical hypersensitivity of sensory afferents, which may be exacerbated by increased branching of sensory endings in the epidermis. These effects of laminin-332 may in part underlie the extreme pain experienced by sufferers of JEB 35, 36 .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
